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We study spin-resolved noise in Coulomb blockaded double quantum dots coupled to ferromagnetic
electrodes. The modulation of the interdot coupling and spin polarization in the electrodes gives
rise to an intriguing dynamical spin ↑-↑ (↓-↓) blockade mechanism: Bunching of up (down) spins
due to dynamical blockade of an up (down) spin. In contrast to the conventional dynamical spin
↑-↓ bunching (bunching of up spins entailed by dynamical blockade of a down spin), this new
bunching behavior is found to be intimately associated with the spin mutual-correlation, i.e., the
noise fluctuation between opposite spin currents. We further demonstrate that the dynamical spin
↑-↑ and ↑-↓ bunching of tunneling events may be coexistent in the regime of weak interdot coupling
and low spin polarization.
PACS numbers: 72.25.-b, 72.70.+m, 73.63.Kv, 73.23.Hk
I. INTRODUCTION
The measurement of signal-to-noise ratio in mesoscopic
transport devices is of vital importance as it enables
access to intriguing information about the statistics of
quasiparticles and various intrinsic dynamics that are
not available from conventional current measurements
alone [1, 2]. For transport through a localized state,
the nonequilibrium noise is generally suppressed due to
the Pauli exclusion principle, leading thus to a sub-
Poissonian statistics [3–5]. However, in systems of multi-
ple nonlocal states, such as double quantum dot devices,
the intrinsic quantum coherence and many-particle in-
teractions give rise to different sources of correlations [6].
Electron transport can exhibit a unique dynamical block-
ade mechanism, leading thus to a super-Poisson fluctua-
tion [7–12].
In spintronic structures, transport is governed not only
by the charge flow, but more importantly, by the spin
transfer [13–20]. The involving spin degrees of freedom
introduce additional correlated mechanisms. Study of
spin current fluctuations is crucial for possible applica-
tions in control and manipulation of individual spins.
A number of investigations have been devoted to the
noise characteristics of spin-dependent transport through
various nanostructures, such as quantum dots [19–22],
molecules [23–25], and nanotubes [26–29]. Different tun-
neling processes like sequential tunneling, cotunneling
[30, 31], etc. were revealed to have vital roles to play
in spin transport. In order to distinguish various spin
dynamics it is instructive to unravel the charge noise
into spin-resolved components. Consider a general meso-
scopic device of a quantum dot (QD) system connected
to terminals α, α′.... The charge current through the ter-
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FIG. 1: Schematic setup for spin-dependent transport
through double quantum dots, in which only QD1 is tunnel-
coupled to ferromagnetic electrodes.
minal “α” is 〈Iα〉 = 〈Iσα〉+〈I−σα 〉, where 〈Iσα〉 is the spin-σ
component of the current. The temporal correlation of
spin transport is characterized by the spin-resolved cor-
relation function Cσσ
′
αα′ (t − t′) = 12 〈{∆Iσα(t),∆Iσ
′
α′ (t
′)}〉,
with ∆Iσα(t) = I
σ
α(t)−〈Iσα(t)〉. Straightforwardly, the in-
dividual spin-resolved noise power is given by Sσσ
′
αα′(ω) =∫∞
−∞
dt eiωtCσσ
′
αα′ (t). By choosing an arbitrary spin axis
z, the total charge current noise can be readily unrav-
eled into Schαα′ = S
↑↑
αα′ + S
↓↓
αα′ + S
↑↓
αα′ + S
↓↑
αα′ . Here,
the spin self-correlation S↑↑αα′ (S
↓↓
αα′) represents fluctua-
tion between the same spin currents, which was recently
shown to be capable of serving as a sensitive tool to iden-
tify the dynamical spin ↑-↓ (↓-↑) bunching, i.e., bunching
of up (down) spins due to dynamical blockade of a down
(up) spin [32–34]. It then naturally comes to a ques-
tion: What can we infer from the spin mutual-correlation
noise (fluctuation between opposite spin currents) S↑↓αα′
or S↓↑αα′?
In the context of spin-dependent transport through a
system of multiple nonlocal states, we investigate in this
work these spin-resolved noise components and their con-
nections to spin-resolved bunching behavior. Specifically,
we consider a double quantum dot, where only one of the
dots is tunnel-coupled to the ferromagnetic (FM) elec-
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FIG. 2: Sets of typical detection record (up and down spin tunneling events) and corresponding real-time quantum states under
parallel magnetic alignment. (a)-(f) Ω/Γ = 1.0 and p = 0.8, (g)-(l) Ω/Γ = 0.2 and p = 0, and (m)-(r) Ω/Γ = 0.1 and p = 0.25.
Each quantum dot has only one level (assumed to be in resonance, i.e., E1 = E2) within the bias window V = VL − VR. In the
Coulomb blockade regime and for temperature kBT ≪ V , the Fermi functions can be approximated by either one or zero, so
the temperature is not involved here.
trodes (see Fig. 1). The system, which can be mapped
to the one investigated recently in experiments [35–38],
is of particular interest, as it is arranged in such a con-
figuration that can maximize locality versus nonlocality
contrast [39–42]. In the Coulomb blockade regime, we
observe a unique dynamical spin ↑-↑ (↓-↓) blockade phe-
nomenon, namely, bunching of up (down) spins due to
dynamical blockade of an up (down) spin. Different from
the conventional spin ↑-↓ bunching, it is revealed that
this new mechanism is intimately associated with pos-
itive spin mutual-correlation. We further demonstrate
that the spin ↑-↑ and ↑-↓ bunching of tunneling events
may be coexistent in the regime of low spin polarization
and weak interdot tunnel-coupling.
The paper is organized as follows. In Sec. II, we de-
scribe the double quantum dot system tunnel-coupled
to FM electrodes. In Sec. III, a Monte Carlo approach
is introduced to simulate real-time single spin tunnel-
ing events. The spin-resolved noises, together with spin-
resolved bunching of tunneling events will be discussed
in detail. It is then followed by the conclude in Sec. IV.
II. MODEL DESCRIPTION
The system under study is sketched in Fig. 1, in which
only QD1 is connected to the FM electrodes, whereas
QD2 is side-connected to the QD1. The Hamiltonian
of the entire system is Hˆ = HˆB + HˆS + Hˆ
′, where
HˆB =
∑
α=L,R
∑
k,σ εαkσc
†
αkσcαkσ denotes the left and
right FM electrodes; cαkσ (c
†
αkσ) is the electron annihila-
tion (creation) operator of the electrode α = L or R, with
spin σ = ↑ or ↓. The ferromagnetism of the electrode α
is accounted for by the spin-dependent density of states
gασ(ω). Throughout all of our calculations presented
here, we approximate the density of states to be energy
independent, gασ(ω) = gασ. (Real ferromagnets have a
structured density of states, which only modifies details
of our results but not the general physical picture.) The
asymmetry in the density of states is characterized by the
degree of spin polarization pα = (gα↑ − gα↓)/(gα↑ + gα↓)
with −1 ≤ pα ≤ 1, in which pα = 0 denotes a non-
magnetic electrode and pα = ±1 corresponds to a half-
metallic electrode.
The Hamiltonian for the coupled dots reads
HˆS =
∑
ℓ=1,2

 ∑
σ=↑,↓
Eℓnˆℓσ + U0nˆℓ↑nˆℓ↓

+ U ′nˆ1nˆ2
+Ω
∑
σ
(d†1σd2σ + d
†
2σd1σ), (1)
where dℓσ (d
†
ℓσ) is the creation (annihilation) operator
of an electron with spin σ =↑ or ↓ in QD1 (ℓ=1) or
QD2 (ℓ=2); nˆℓσ = d
†
ℓσdℓσ and nˆℓ =
∑
σ nˆℓσ are the
corresponding particle number operators. Each QD has
a spin-degenerate level within the bias window V =
VL − VR. U0 and U ′ are respectively the intradot and
interdot Coulomb repulsions; Ω denotes the strength of
interdot tunnel-coupling. Hereafter, we consider double-
dot Coulomb blockade regime [43, 44], i.e., U0 and U
′ are
large enough such that states with two or more electrons
in the double dots are not allowed. The involved states
are both dots empty |0〉, one electron with spin σ in the
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FIG. 3: Spin self-correlations S↑↑
αα
and S↓↓
αα
, spin mutual-correlation S↑↓
αα
(S↓↑
αα
), as well as the total charge current noise Sch
αα
vs polarization p for various interdot couplings Ω/Γ = 0.1, 0.2, 1.0, 5.0. The left and right electrodes are of P configuration.
The other parameters are the same as those in Fig. 2.
QD1 |1σ〉 or QD2 |2σ〉. Experimentally, it can be realized
by properly tuning the gate and bias voltages [6, 45–47].
Tunneling between QD1 and electrodes is described
by Hˆ ′ =
∑
αkσ
(
tαkσc
†
αkσd1σ + H.c.
)
. The FM elec-
trodes result in spin-dependent tunnel couplings Γασ =
2π
∑
k |tαkσ |2δ(εαkσ − ω). In what follows, we consider
two magnetic configurations. (i) The parallel (P) align-
ment, when the majority of electrons in both electrodes
point in the same direction. (ii) The antiparallel (AP)
case, in which the magnetization of the two electrodes
are opposite to each other. Thus for the P alignment we
have
ΓL↑/L↓=
1
2
(1± pL)ΓL and ΓR↑/R↓=
1
2
(1± pR)ΓR, (2a)
while for the AP configuration we set
ΓL↑/L↓=
1
2
(1± pL)ΓL and ΓR↑/R↓=
1
2
(1∓ pR)ΓR. (2b)
Here Γα = (Γα↑ + Γα↓) is the total coupling strength
regardless the spin orientation.
III. RESULTS AND DISCUSSIONS
In order to get a deep understanding of the spin dy-
namics and fluctuations in transport, a Monte Carlo
method is employed to simulate the real-time single spin
tunneling events in the quantum-jump regime. We intro-
duce two stochastic point variables dNLσ(t) and dNRσ(t)
(with values either 0 or 1) to stand for, respectively,
the numbers of spin-σ (σ=↑, ↓) electron tunneled to the
double dots from left electrode and that from the dou-
ble dots to the right electrode, during the time interval
dt. The conditional quantum master equation for the
reduced density matrix reads [48]
dρc = −iLρc(t)dt−
∑
σ=↑,↓{ΓLσA[d†1σ] + ΓRσA[d1σ ]
−PLσ(t)− PRσ(t)}ρc(t)dt
+
∑
σ=↑,↓ dNLσ
[
ΓLσJ [d
†
1σ
]
PLσ(t)
− 1
]
ρc(t)
+
∑
σ=↑,↓ dNRσ
[
ΓRσJ [d1σ]
PRσ(t)
− 1
]
ρc(t), (3)
where the attached subscript “c” is to indicate that the
quantum state is conditioned on previous measurement
results. Here the superoperators are defined as L(· · · ) ≡
[HˆS, · · · ], J [X ]ρc ≡ XρcX† and A[X ]ρc ≡ 12 (X†Xρc +
ρcX
†X). The involving stochastic point variables satisfy
E[dNLσ(t)] = PLσ(t)dt = Tr{J [
√
ΓLσd
†
1σ]ρc}dt, (4a)
E[dNRσ(t)] = PRσ(t)dt = Tr{J [
√
ΓRσd1σ]ρc}dt,(4b)
where E[(· · · )] denotes an ensemble average of a large
number of quantum trajectories. In this quantum trajec-
tory approach, spin tunneling events condition the fu-
ture evolution of the system state [see Eq. (3)], while
the instantaneous quantum state conditions the mea-
sured spin tunneling events through the double dots [see
Eq. (4a) and Eq. (4b)] in a self-consistent manner. One
thus is propagating in parallel the information of the con-
ditioned (stochastic) state evolution (ρc) and detection
record (dNασ) in a single realization of the readout mea-
surement experiment.
The spin tunneling events (dNασ) leads straight-
forwardly to the spin-σ dependent current Iσα(t) =
edNασ(t)/dt, and consequently the total charge current
Ichα = I
↑
α + I
↓
α. Hereafter, we will use I¯ ≡ E[Ichα (t)]t→∞
to represent the ensemble stationary current. The spin-
resolved time correlation function [Cσσ
′
αα′ (t)] and its cor-
responding noise spectrum [Sσσ
′
αα′ ≡ Sσσ
′
αα′(ω = 0)] can be
evaluated following [49], or by using alternatively a spin-
resolved quantum master equation approach [50, 51].
In what follows, noise between different electrodes are
not considered as it simply satisfies Sσσ
′
LR = −Sσσ
′
αα for
the present two-terminal device (Note such a relation
generally does not hold for a multi-terminal structure
[32, 33, 52]). For simplicity, we assume symmetric tun-
nel couplings (ΓL = ΓR = Γ/2) and equal magnitude of
spin polarization in the two electrodes (pL = pR = p).
First let us focus on the P alignment. Fig. 2(a)-(f) show
the set of measured spin tunneling events (dNL↑/L↓) and
the corresponding real-time quantum state (ρc) for po-
larization p = 0.8 and interdot coupling Ω/Γ = 1.0. We
observe unambiguously the bunching of up-spin tunnel-
ing events. When a down spin is injected into the double
4dots, it will stay there and experiences some oscillations
between the two dots, until it finally escapes to the right
electrode [see Fig. 2 (e) and (f) the instantaneous quan-
tum states of a down spin in QD1 and QD2]. The up
spins can flow only in short time windows where the cur-
rent is not blockaded by a down spin [see Fig. 2(a)-(c)],
leading thus to the conventional dynamical spin block-
ade, as discussed in Refs. [32–34]. For clarity, we refer to
this mechanism as dynamical spin ↑-↓ blockade to specify
the bunching of up spins due to dynamical blockade of a
down spin. The dynamical spin ↑-↓ blockade gives rise to
a prominent super-Poisson spin self-correlation S↑↑αα, as
shown in Fig. 3(a). Note here we only need to consider
S↑↑αα due to the fact that S
↑↑
αα and S
↓↓
αα are symmetric with
respect to the spin polarization p, i.e., Fig. 3(a) vs (b).
The spin self-correlation S↑↑αα increases monotonically
with the polarization as displayed in Fig. 3(a). Only
for sufficient spin polarization that the “↑-↓” competi-
tion mechanism takes place, which leads eventually to
the super-Poisson spin self-correlation S↑↑αα. Yet, it is
also instructive to investigate the noise at low polariza-
tion, for instance p =0. The total charge current noise
Schαα as shown in Fig. 3(d) exhibits unambiguously super-
Poisson statistics for Ω/Γ = 0.2 (dashed line). It im-
plies bunching of charge tunneling events regardless of
the spin orientations. However, neither of its components
(S↑↑αα or S
↓↓
αα) exceeds the Poisson value [S
↑↑
αα/(2eI¯)|p=0 =
S↓↓αα/(2eI¯)|p=0 = 0.46]. It means that the super-Poisson
charge noise does not stem from the dynamical spin ↑-↓ or
↓-↑ bunching. In other words, the spin self-correlations
S↑↑αα and S
↓↓
αα do not capture the whole picture of spin
bunching.
We ascribe the occurrence of the super-Poisson charge
noise to a unique dynamical spin ↑-↑ or ↓-↓ bunching,
which is confirmed by the numerical simulation of real-
time spin tunneling as shown in Fig. 2(g)-(j) for p=0 and
Ω/Γ = 0.2. When a down spin is injected into QD1,
it cycles to the QD2, where it is localized due to weak
interdot tunnel-coupling. The current is thus blockaded
until the down spin finally tunnels to the right electrode,
which is then followed by a bunch of down spins flowing
through the system, i.e., bunching of down spins due to
dynamical blockade of a down spin [see Fig. 2(k)-(l)]. We
call this new mechanism the dynamical spin ↓-↓ blockade
to distinguish it from the ↑-↓ one. Similarly, dynami-
cal spin ↑-↑ bunching is observed as shown in Fig. 2(g)-
(i). However, the dynamical spin ↑-↑ or ↓-↓ blockade
does not necessarily give rise to super-Poissonian spin
self-correlations. We will reveal this new spin bunching
mechanism is intimately associated with the spin mutual-
correlation S↑↓αα, which thus can be utilized as an addi-
tional diagnostic tool to the dynamics and fluctuations
in spin transport.
For a quantitative analysis, we first evaluate some fun-
damental time scales involved in transport (for Ω/Γ = 0.2
and p=0). By using 2000 independent trajectories analo-
gous to the ones shown in Fig. 2(g)-(l), we get the average
delay between the occupancy of the dots by two consecu-
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FIG. 4: Time dependence of correlation function C↑↓
αα
(t) for
Ω/Γ = 0.2, p = 0 (solid line) and Ω/Γ = 1.0, p = 0.8 (dotted
line).
tive up spins τ0 = 1.01Γ
−1 and the average dwell time of
up spins on the double dots τ↑ = 4.00Γ
−1. The average
duration of the “bunch” of up spins is then obtained as
τb = 6.01Γ
−1. (An alternative approach to obtain these
quantities can be found in Ref. [32].) The above time
scales are able to reveal the intrinsic dynamics in spin
transport. Consider, for instance, the spin-resolved time
correlation function C↑↓αα(t), as shown by the solid line in
Fig. 4. It is negative for times shorter than τ0. It then
rises, becomes positive and reaches a maximum at a time
comparable to τ↑. Finally, it decreases on a time scale of
τ↑ + τb. For the time scales of tunneling of down spins,
analogous analysis can be applied. The above charac-
teristic times in the correlation function thus allow us to
attribute the positive S↑↓αα to the dynamical spin ↑-↑ or ↓-
↓ blockade mechanism. In comparison, these unique time
features can not be identified in the case of large interdot
coupling (Ω/Γ = 1.0) and strong magnetic polarization
(p=0.8), as shown by the dotted line in Fig. 4.
The requirements to observe the dynamical spin ↑-↑
or ↓-↓ bunching of tunneling events thus can be inferred
from the spin mutual-correlation. For the P alignment,
the analytic expression is give by
S↑↓αα = 2eI¯
(1 − p2)Γ2 − 16Ω2
200Ω2
. (5)
It might be either positive or negative, depending on
the degree of spin polarization and the strength of inter-
dot tunnel-coupling. For Ω < 14Γ, positive spin mutual-
correlation is observed provided the electrodes are weakly
polarized, implying thus the occurrence of dynamical spin
↑-↑ or ↓-↓ bunching [cf. Fig. 2(g)-(l)]. It is worth noting
that the presented spin transport behavior persists over
a wide range of polarization as long as the interdot cou-
pling is weak enough. It thus offers an opportunity to
observe the coexistence of spin ↑-↑ and ↑-↓ bunching of
tunneling events, as displayed in Fig. 2(m)-(r) for spin
polarization p=0.25 and interdot coupling Ω/Γ = 0.1. In
the opposite regime of Ω > 14Γ, the interdot coupling is
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FIG. 5: Spin self-correlations S↑↑
αα
and S↓↓
αα
, spin mutual-correlation S↑↓
αα
(S↓↑
αα
), as well as the total charge current noise Sch
αα
vs polarization p for various interdot couplings Ω/Γ =0.1, 0.2, 1.0, and 5.0. The left and right electrodes are of AP alignment.
The other parameters are the same as those in Fig. 2.
large enough to overcome electron localization in QD2,
leading thus to the disappearance of the dynamical spin
↑-↑ or ↓-↓ bunching, as confirmed by our numerical real-
time simulation (not shown explicitly). The resultant
spin mutual-correlation is negative at arbitrary strength
of spin polarization [see the dotted (Ω/Γ = 1) and dash-
dotted (Ω/Γ = 5) lines in Fig. 3(c)].
Let us now turn to the situation where the electrodes
are of AP alignment. The self-correlations S↑↑αα and S
↓↓
αα
vs spin polarization p are plotted in Fig. 5(a) and (b),
respectively. Again, we take S↑↑αα for illustration. If the
left electrode is fully spin-down polarized, transport of up
spins are completely suppressed, which leads to a vanish-
ing S↑↑αα as p→ −1. In the opposite limit of p→ 1, only
up spins are allowed to tunnel into the coupled dots; how-
ever, under the AP alignment the rate of tunneling out
to the right electrode is strongly inhibited. In this case,
tunneling of up spins is in close analogy to electron tun-
neling through an extremely asymmetric double barrier
structure [3]. The up spin tunneling events are thus un-
correlated, and the resultant noise correlation turns out
to be Poisson (S↑↑αα → 1), independent of interdot cou-
pling strength Ω. In a wide range in between, the noise is
very sensitive to the interdot coupling strength. Particu-
larly, we observe a super-Poissonian spin self-correlation
S↑↑αα, as shown by the solid line in Fig. 5(a). The occur-
rence of dynamical spin ↑-↓ bunching relies on two condi-
tions: (i) Appropriate spin polarization in the electrodes,
and (ii) strong localization of a down spin in QD2, which
is fulfilled at weak interdot coupling Ω (Ω < 19Γ accord-
ing to our calculation). A rising interdot coupling leads
to delocalization of the down spin. The dynamical spin
↑-↓ blockade is lifted, which results eventually in a sub-
Poisson self-correlation for arbitrary polarization [see, for
instance, the dashed line in Fig. 5(a) for Ω/Γ = 0.2].
Although neither of the two spin self-correlations (S↑↑αα
and S↓↓αα) exhibits super-Poisson statistics for Ω/Γ = 0.2,
the total charge current noise displays unambiguously
super-Poisson characteristics [dashed line in Fig. 5(d)].
Analogous to situation of P configuration, the super-
Poisson noise here arises from the dynamical spin ↑-↑
or ↓-↓ bunching, as one can infer from the positive spin
mutual-correlation [dashed line in Fig. 5(c)]. A decrease
in the strength of interdot tunnel-coupling leads to en-
hancement of the dynamical spin ↑-↑ or ↓-↓ bunching, and
finally increases the spin mutual-correlation [cf. Fig. 5].
Thus, if the interdot tunnel-coupling is low enough one
may observe the coexistence of dynamical spin ↑-↓ (↓-↑)
and ↑-↑ (↓-↓) bunching of tunneling events, as indicated
by the super-Poisson spin self-correlation and positive
mutual-correlation Fig. 5 (a) and (b), respectively. Yet,
different from the P alignment, the dynamical spin ↑-↑
blockade survives even for a strong interdot coupling Ω,
as long as the electrodes are not weakly polarized. In
this case, an up spin injected into the double dots may
experience some oscillations between the two dots before
it can tunnel out to the right electrode owing to a small
ΓR↑. Its dwell on the double dots serves an “effective”
dynamical spin ↑-↑ blockade mechanism, yielding thus a
positive spin mutual-correlation. On the other hand, the
small ΓR↑ also inhibits tunneling of up spins, which ex-
plains the suppressed spin mutual-correlation observed
in Fig. 5(c).
We note that current transport through similar struc-
ture has also been investigated recently in [31, 53] and
super-Poissonian noise was reported. There, the exis-
tence of a very lower tunneling rate between QD2 and
the electrodes than that between QD1 and the elec-
trodes leads to finite occupation of the QD2, which gives
rise eventually to the super-Poissonian fluctuations. Al-
though the mechanisms are different, the finally results
happen to be consistent qualitatively. That is, the total
charge current noise is larger in the P configuration than
in the AP one for a large polarization, see Fig. 3(d) and
Fig. 5(d).
IV. CONCLUSION
In the context of spin-dependent transport though a
Coulomb blockaded double quantum dot system, we re-
vealed unambiguously unique dynamical spin ↑-↑ and ↓-↓
6bunching of tunneling events, as confirmed by the real-
time Monte Carlo simulation of spin tunneling. Different
from the conventional dynamical spin ↑-↓ bunching, this
new mechanism is found to be intimately associated with
the spin mutual-correlation for both (parallel and an-
tiparallel) magnetic configurations. Under conditions of
low spin polarization and weak interdot tunnel-coupling,
we demonstrated the coexistence of the dynamical spin
↑-↓ and ↑-↑ bunching events. Our analysis together with
recent suggestions on measurement of spin-resolved noise
correlations [54–56] may shed light on possibilities to-
wards feedback control of spin transport through quan-
tum dot systems [57, 58].
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